The tumour necrosis factor superfamily (TNFSF) members CD40L and BAFF play critical roles in mammalian B cell survival, proliferation and maturation, however little is known about these key cytokines in the oldest jawed vertebrates, the cartilaginous fishes. Here we report the cloning of CD40L and BAFF orthologues (designated ScCD40L and ScBAFF) in the small-spotted catshark (Scyliorhinus canicula). As predicted both proteins are type II membrane-bound proteins with a TNF homology domain in their extracellular region and both are highly expressed in shark immune tissues. ScCD40L transcript levels correlate with those of TCRα and transcription of both genes is modulated in peripheral blood leukocytes following in vitro stimulation. Although a putative CD40L orthologue was identified in the elephant shark genome the work herein is the first molecular characterisation and transcriptional analysis of CD40L in a cartilaginous fish. ScBAFF was also cloned and its transcription characterised in an attempt to resolve the discrepancies observed between spiny dogfish BAFF and bamboo shark BAFF in previously published studies.
Introduction
In mammals, a number of tumour necrosis factor superfamily (TNFSF) members and their receptors (TNFRSF) are important regulators of B cell development and functioning [1] .
TNFSF members are type II transmembrane proteins typified by the presence of a conserved TNF homology domain (THD) in their extracellular C-terminus. The THD is composed of ten β-strands, which fold to form a classical 'jellyroll' topology. While the majority of these are expressed as membrane-bound proteins many contain a proteolytic cleavage site which releases a soluble form [1] . Structurally each TNFSF molecule is a conical trimer, formed from three monomers [2] [3] [4] [5] , which binds its associated receptor(s) to initiate downstream signalling events.
The TNFSF member CD40L (also known as CD154 or TNFSF5) was initially identified as a cell-surface protein on activated T cells. However it is now apparent that CD40L is also present on a wide range of other mammalian cell types including activated B cells, monocytes, macrophages, dendritic cells, endothelial cells and platelets [6] . The classical receptor for CD40L is the type I membrane protein CD40 (also known as TNFRSF5) which was first identified on B cells. In addition, other receptors for CD40L have recently been identified, namely αIIbβ3, αMβ2 (also called Mac-1) and α5β1 integrins [7] [8] [9] , suggesting additional immunomodulatory functions. The interaction of CD40/CD40L is well established as an immune mediator in mammals, particularly in the promotion of T-dependent B cell responses including B cell proliferation, differentiation, immunoglobulin (Ig) production and Ig isotype class switching [10] [11] [12] . The interaction of this pair also up-regulates other costimulatory molecules (such as CD54, CD58/LFA-3, CD80/B7-1, CD86/B7-2) and promotes the production of cytokines such as TNF-α, IFN-α, IL-8, IL-10 and IL-12, which are important in the induction of innate and adaptive immune responses [13] .
BAFF (also known as TNFSF13B, BLyS or TALL-1) is mainly expressed on the surface of innate immune cells (monocytes, dendritic cells and macrophages) and activated T cells [14;15] . However, it can be processed to a soluble form by proteolytic cleavage at a furin consensus site in the C-terminal extracellular domain, with both the membrane-bound and soluble forms being biologically active [14] . Soluble BAFF adopts the usual trimeric form of the TNFSF, but it is the only member of the family thought to further assemble into an ordered structure containing twenty trimers (i.e. a 60-mer) [16] . The crystal structure of M A N U S C R I P T
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4 soluble BAFF reveals an unusually long and flexible D-E loop compared to other TNFSF members, which dictates receptor binding specificity and confers the ability to form this virus-like multimer [2;16] . In mammals BAFF exerts its effect by binding to one of three receptors, preferentially the BAFF receptor (BAFF-R or TNFRSF13C) but also, with lower affinity, to the receptors BCMA (TNFRSF17) and TACI (TNFRSF13B) [17] . Notably a closely related TNFSF ligand called APRIL (TNFSF13) also binds the same receptors as BAFF but with a different specificity; APRIL binds with highest affinity to BCMA and with lower affinity to TACI (and, potentially, weakly to BAFF-R) [18] , the interaction being aided by the oligomerisation of APRIL following its binding to sulphated glycosaminoglycans [19] . Both BAFF and APRIL are critical for B cell survival and differentiation however they act at different points in B cell development; antigen naïve B cells rely mainly upon BAFF signalling for their survival while antigen-experienced B cells require APRIL [20] .
It is now widely accepted that an adaptive immune system based upon Igs, T cell receptors (TCRs) and major histocompatibility complex (MHC) molecules was established sometime before cartilaginous fish emerged from the common ancestor with other jawed vertebrates ~450 million years ago [21] . It is apparent that cartilaginous fish can generate a robust, antigen-specific, antibody response following immunological challenge [22;23] .
However, little is known of the processes involved in the development, maintenance or proliferation of cartilaginous fish B cells, mainly because most of the required molecules have yet to be characterised in this lineage. While a putative gene for CD40L has recently been identified in the genome of the elephant shark (Callorhinchus milii; a chimera) [24] this molecule has yet to be properly characterised in any cartilaginous fish species. Additionally although BAFF orthologues have recently been cloned from the spiny dogfish (Squalus acanthias) and white-spotted bamboo shark (Chiloscyllium plagiosum) these studies showed that dogfish BAFF has an additional exon that extends the 'elbow' region of the molecule [25;26] . This exon is lacking in bamboo shark BAFF as well as that of other vertebrate species. The tissue expression pattern of BAFF also differed considerably between the two shark species.
Herein we describe the cloning of CD40L from the small-spotted catshark (Scyliorhinus canicula) and, for the first time, characterise the transcription profile of this molecule in a range of catshark tissues as well as in peripheral blood leukocytes (PBLs) stimulated in vitro
with a range of mitogens and PAMPs. Additionally we cloned BAFF from catshark, characterised its transcription, and performed robust phylogenetic analysis in an attempt to resolve the discrepancies observed between spiny dogfish BAFF and bamboo shark BAFF in previous studies.
Materials and methods

Small-spotted catshark
Sexually mature, wild-caught, small-spotted catsharks (weighing 600-1100 g) were collected from the North Sea and maintained in 1 m-diameter tanks supplied with flowthrough seawater at 8-12°C, in the University of Aberdeen aquarium facility. Animals were anaesthetised with MS222 (0.12g/L seawater) prior to any procedure. Blood samples were taken from the caudal vein and stored on ice prior to the isolation of peripheral blood lymphocytes (PBLs). Peripheral blood and tissues from four catsharks were used for primary cell culture experiments and tissue expression analysis. All procedures were conducted in accordance with the UK Home Office 'Animals (Scientific Procedures) Act 1986 Amendment Regulations 2012' on animal care and use.
RNA isolation and cDNA synthesis
Total RNA was extracted from harvested tissues or PBLs using TRIzol reagent (Invitrogen) as described previously [25] . Briefly, tissues were mechanically disrupted in TRIzol reagent (Invitrogen, UK) with the subsequent addition of 1/5 volume of chloroform.
Following centrifugation at 4°C the upper phase was transferred to an RNase-free tube and the RNA precipitated by the addition of isopropanol. After centrifugation the resultant RNA pellet was washed twice with 75% ethanol, re-centrifuged to pellet the RNA, any remaining ethanol aspirated and the pellet allowed to air dry. The RNA pellets were then resuspended in an appropriate volume of RNase-free H 2 O and stored at -80°C for future use. For gene cloning cDNA was synthesised using a SMART cDNA synthesis kit (Clontech) following the manufacturer's protocol. For real-time RT-PCR analysis of gene expression, the RNA pellet was re-dissolved in 32µl of oligo(dT)28VN (2 mM ), then converted to cDNA using RevertAid Reverse Transcriptase (Thermo Scientific). The generated cDNA was diluted with 300 μl of M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 6 TE buffer (10 mMTris-HCl, 1 mM EDTA, pH 7.5) and stored at -20 °C ready for use in realtime PCR.
Gene cloning and sequencing
BLAST searches using the rainbow trout CD40L amino acid (aa) sequence identified a 332 bp partial small-spotted catshark CD40L (ScCD40L) cDNA sequence in a 454 RNAseq database generated in-house from spleen mRNA of four shark species including smallspotted catshark (Scyliorhinus canicula) and nurse shark (Ginglymostoma cirratum) (Crouch et al., in preparation) . To obtain the complete CD40L cDNA sequence, 3'-and 5'-RACE was performed using the synthesised SMART cDNA (as above) and gene-specific primers (GSP) designed against the partial sequence. All primers used in this work are detailed in Table 1 .
No hits were obtained for small-spotted catshark BAFF (ScBAFF) using a similar search strategy so a pair of primers (ScBAFF-F1 and ScBAFF-R1) were designed in the most phylogenetically-conserved region of the molecule and used on spleen cDNA to isolate a 217 bp product. Gene-specific primers were then designed against this product allowing 3'-and 5'-RACE to be attempted. Whilst the 3'-end was completed by RACE using this approach the 5'-RACE reaction initially failed. The complete ScBAFF open reading frame (ORF) was finally obtained by PCR using a primer combination where the forward primer was designed against the spiny dogfish BAFF sequence and the reverse primer against the catshark 3'-RACE product.
The PCR products were cloned as described previously [25] . Plasmid DNA from at least three clones per PCR was extracted using a Qiagen miniprep kit and sequenced by MWG Biotech (Germany). The cDNA sequences of ScCD40L and ScBAFF were validated and submitted to the EMBL/DDJB/GenBank databases under the accession numbers HG326661 (ScCD40L) and HG326662 (ScBAFF).
Sequence analysis of ScCD40L and ScBAFF
The returned sequences were analysed for similarity with other known sequences using BLAST [27] . The signal peptide was predicted using SignalP v4.0 [28] and the protein family signature was analysed using the PROSITE database of protein families and domains [29] .
Transmembrane domains were predicted using TMpred were predicted using NetNGlyc 1.0 Server [30] and the furin cleavage site predicted using ProP v1.0 Server [31] . Multiple sequence alignments (MSA) were generated using ClustalΩ (http://www.ebi.ac.uk/Tools/msa/clustalo/) [32] .
Phylogenetic Analysis
Multiple sequence alignments for phylogenetic analyses were generated using MAFFT v.7 [33] via the GUIDANCE webserver [34] using 100 bootstrap guide trees. IQ-TREE was used [35] to determine the best-fit model of amino acid substitution (CD40L+related genes dataset: JTT+I+G4 and BAFF+related genes dataset: JTTDCMut+G4) and subsequently to carry out maximum likelihood phylogenetic analyses specifying 1000 ultrafast bootstrap replicates [35;36] . Bayesian phylogenetic analyses were carried out using PhyloBayes v3.3f 
In vivo expression of ScCD40L and ScBAFF
To determine tissue distribution of ScCD40L and ScBAFF transcript, real-time PCR was performed on selected catshark tissues; spleen, gills, gut, kidney, epigonal and Leydig organ, with muscle included as a non-immune tissue control. Approximately 100 mg of each tissue was chopped into small pieces and immediately homogenised in TRIzol reagent and stored at -80°C until processed for RNA extraction and cDNA synthesis as described above. The comparative expression level of each gene was calculated as arbitrary units where one unit is equal to the average expression level of each gene in muscle, where the lowest expression was observed.
Isolation of peripheral blood leukocytes from small-spotted catshark
Blood was collected from the caudal vein of catsharks using vacutainers containing lithium heparin, diluted 1:5 in shark-modified cell culture medium (Leibovitz's L-15 medium [38] containing 2% foetal bovine serum (FCS), 100 U/ml penicillin and 100 μg/ml streptomycin (P/S) then adjusted to ~1000 mOsm by the addition of 28 ml of 5M NaCl and 100 ml of 3.5M urea per litre). Peripheral blood leukocytes (PBLs) were isolated from the M A N U S C R I P T
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8 diluted blood sample using 38.8% Percoll (Sigma-Aldrich) density gradients diluted in sharkmodified medium, and centrifuged at 400 g for 30 min at 8°C. The cells at the interface between the upper aqueous phase and the Percoll solution were collected and washed twice in shark-modified medium. The cells were resuspended and adjusted to a concentration of 2x10 6 leukocytes/ml with shark-modified medium containing 10% FCS, ready for further treatment.
Modulation of gene expression in PBLs
Fresh PBLs from four individual fish were prepared at 2×10 6 cells/ml as described above and 2 ml added to the wells of a 6-well plate. The cells were then treated with one of the following stimulants (all from Sigma-Aldrich): PHA at 10µg/ml, PMA at 100 ng/ml, PWM at 100 µg/ml, LPS (serotype 0127 B8) at 25 µg/ml or polyI:C at 50 µg/ml, for 4 , 8 or 24 h at 15°C. The stimulant concentration and stimulatory period were chosen based on splenocyte dose dependency and time-course data sets generated previously by our lab [39;40] . A negative control was set up using shark-modified medium in the place of stimulant.
Treatment was terminated by dissolving the cells in TRIzol reagent following their collection
by centrifugation at 400 g for 10 min. Total RNA was prepared and transcript levels analysed using real-time PCR quantification as detailed below.
Quantitative real-time PCR analysis
Real-time PCR was used to determine the abundance of different gene transcripts in tissue samples and isolated PBLs. PCRs were performed in duplicate for each sample, along with a 10-fold serial dilution of a common reference containing an equimolar amount of purified PCR products of each gene amplified from cDNA. The primers employed are given in Table 1 ; each primer pair was designed to span an intron and was pre-tested to ensure that they did not amplify genomic DNA. Real-time amplification was performed in 96 well plates on a Roche LightCycler 480 real-time PCR system using SYBR green I as described previously [41] . Each reaction contained 4 μl of cDNA template, 14 μl of master mix and 1 μl of each forward and reverse primer.
The relative expression level of the candidate genes in different tissues was expressed as arbitrary units which were calculated from the serial dilution of references run in the same 96-well plate and then normalised against the expression level of the reference gene
elongation factor-1α (EF-1α). To analyse gene expression of stimulated cell cultures, fold changes were calculated as the normalised average expression level of each treatment group divided by that of the corresponding controls at the same time point, where the expression of the control sample was defined as 1. Statistical analysis used the pairedsample T-test when comparing expression levels between the control and treated sample, while correlation analysis was performed using the Spearman's nonparametric test within the PASW Statistics 19 software package (SPSS Inc., Chicago, Illinois), as described previously [25] . A ρ value less than 0.05 was considered statistically significant.
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Results and discussion
Small-spotted catshark CD40L
The ScCD40L cDNA sequence we cloned is 2457 bp long, containing a 57 bp 5'-UTR, Using the small-spotted catshark CD40L sequence we were able to retrieve an additional contig from our shark RNAseq database that contained the full-length nurse shark CD40L (GcCD40L). Bayesian and maximum likelihood phylogenetic analysis of vertebrate CD40L and the closely related TNFSF molecules FASL (TNFSF6) and LIGHT (TNFSF14) [42] verified that the cartilaginous fish CD40L molecules are orthologous to bony vertebrate CD40L molecules, and not closely related TNFSF members, with strong support (Fig 1a) .
A multiple sequence alignment of selected vertebrate CD40L sequences revealed the pair of cysteines found in the extracellular stalk between the transmembrane region and THD of all species examined so far are also conserved in catshark and nurse shark (Fig 1b) .
The extracellular region of all tetrapod CD40L's contains three additional Cys, with those in the C and F strands forming an intramolecular disulphide bond that stabilizes the top of the molecule [3] . In teleost fishes these Cys are located in strands E and F and structural modelling of salmon CD40L predicts they are located close enough to form a disulphide bond and thus may have the same stabilising role [43] ; these Cys are absent from spotted binding through charge interactions [3;45;46] . These residues are also very poorly conserved in cartilaginous fish CD40L, or indeed any CD40L sequence outside those of mammals (Fig   1b) , again suggesting the residues involved in CD40L-CD40 interaction differs between species.
Small-spotted catshark BAFF
The full-length ScBAFF cDNA sequence was 1103 bp long, with an ORF of 876 bp, 
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To ensure we had indeed cloned catshark BAFF and not another related TNFSF member we performed a phylogenetic analysis including BAFF molecules from selected vertebrates as well as the closely related TNFSF molecules APRIL and ectodysplasin (EDA) [42] . Both Bayesian and maximum likelihood analyses very strongly support the orthology of ScBAFF, along with the BAFF molecules recently described in spiny dogfish and elephant shark, to each other and the BAFF molecules of other vertebrates (Fig 2a) . Interestingly bamboo shark BAFF is not monophyletic with those of the other cartilaginous fishes. In our analysis it falls as an outgroup to the BAFF clade (BPP: 0.99 and 0.97 under CAT+G and JTT+G respectively; bootstrap: 92%), indicating that it had been wrongly assigned in the previous study. This could perhaps be a result of hidden paralogy due to the paucity of sequence data available for cartilaginous fishes. In a previous study it had been noted that spiny dogfish BAFF had an insertion of 28 aa in the 'elbow' region between the A and A'
strands, that was lacking in bamboo shark BAFF. A preliminary multiple sequence alignment of the selected vertebrate BAFF molecules showed that catshark BAFF and elephant shark BAFF also have this loop extension but that it is lacking in the bamboo shark molecule [25;26] . The alignment also showed that the bamboo shark sequence was significantly different to the other BAFF molecules in the THD and so the alignment was repeated with the bamboo shark sequence removed (Fig 2b) .
As previously observed in spiny dogfish, ScBAFF contains a predicted furin cleavage site (RGRR) between the transmembrane domain and THD suggesting the spotted catshark produces both membrane-bound and soluble forms of BAFF as in mammals; although no cleavage site was found in elephant shark BAFF this could be due to the incomplete nature of the sequence. All three cartilaginous fish BAFF molecules carry the phylogenetically conserved cysteine residues which form the intramolecular disulphide bond between strands E and F, however ScBAFF lacks the Cys usually located at the N-terminal end of the A strand.
As mentioned above ScBAFF, like that of other cartilaginous fish, has a large insertion in the 'elbow' region of the molecule; in human BAFF the elbow contains a short β-hairpin which is located near the D-E loop and together they form the walls of the receptor binding groove in the functional BAFF trimer [48;49] . Molecular models of ScBAFF indicate that the insertion in this region considerably extends the elbow in ScBAFF, however models differ as M A N U S C R I P T
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to whether the extended anti-parallel β-hairpin protrudes from the surface of the molecule, as with the D-E loop, or if the hairpin folds over so that the extended elbow comes to lie parallel to the others forming the jellyroll. Either way we anticipate the extension in cartilaginous fish BAFF will significantly alter the structure of the receptor binding groove.
In ScBAFF this insertion carries an additional two Cys residues while in elephant shark and dogfish it carries three Cys; we hypothesise the two Cys residues conserved in all three cartilaginous fish BAFFs may form a disulphide bond to help stabilise the extended elbow. The role of the third Cys in elephant shark and spiny dogfish is, as yet, undetermined but potentially could pair with the free, solvent exposed Cys in the A strand [2] that is also missing in catshark BAFF. -binding site that helps stabilise the narrow end of the trimer [48] . Both catshark and elephant shark BAFF molecules also carry a pair of cysteines that map to the tip of the E-F loop on the human BAFF structure and which may help further stabilize this region by forming either inter-or intraloop disulphide bonds.
As detailed above, at neutral or basic pH mammalian BAFF associates into a 60-mer virus-like structure [16] . The ability to form these multimers is dependent upon interactions between the extended D-E loops of adjacent BAFF trimers, is pH-dependent and requires a particular His residue (H218; blue in Fig 2b) within the D-E loop; mutation of this residue to Ala abolished multimer formation however the mutant BAFF protein retained biological activity [50] . This His is absent from all of the cartilaginous fish BAFF molecules, as well as those from bony fishes (with the exception of spotted gar); indeed, from current sequence data it seems this His is only present in amniotes and suggests that cartilaginous fish BAFF may not be able to form stable multimers.
ScBAFF has two predicted N-linked glycosylation sites, including one at the beginning of the F strand that is conserved in the other cartilaginous fishes and in tetrapods (but not bony fishes). Structural studies have shown this site is indeed glycosylated in human BAFF M A N U S C R I P T
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and makes contact with a Tyr at the beginning of the D strand (Y206) and an Arg within the E strand (R231) [2] ; the latter is conserved in all cartilaginous fishes while the Tyr is replaced by the structurally similar Phe.
Previous structural studies have identified a number of residues in human BAFF that are involved in its binding to BAFF-R, BCMA and TACI [51;52;53] (highlighted in black with white lettering in Fig 2b) . The residues from β-strands D and E, as well as the residues between the G and H strands, which form the base and walls of the receptor binding site are reasonably well conserved across phylogeny.
Tissue distribution of ScCD40L and ScBAFF
Transcript levels of these two genes were examined in seven tissues from four healthy small-spotted catsharks (Fig 3) . Unfortunately thymus tissue was not available for examination in this study. Real-time PCR analysis revealed that both genes showed detectable transcript levels in all of the tissues tested, with muscle expressing the lowest levels of each. ScCD40L transcript was highest in the gut and spleen followed by gill, Leydig organ, kidney and epigonal, with constitutive expression levels being up to 8,000 fold greater in these immune organs than in muscle. Further, the levels of ScCD40L transcript correlated with that of TCRα transcript but not with that of the B cell marker CD79α (Table   2 ); when combined with our previous work [54] this suggests that, as in mammals, catshark CD40L is expressed on T cells.
Similarly, ScBAFF transcript levels were 100-2,500 fold higher in immune organs than in muscle, being found at the highest level in spleen (fitting with this being the main secondary immune organ in sharks), followed by gill, epigonal, gut, kidney and Leydig organ (Fig 3) .
Modulation of the expression of ScCD40L and BAFF in PBLs
To assess the effect of various mitogens and PAMPs upon CD40L and BAFF expression PBLs were harvested from four healthy catsharks and transcript levels of the two genes studied following stimulation with polyI:C, LPS, PHA, PMA and PWM for 4, 8 or 24 h (Fig 4) . In this study, ScCD40L expression was upregulated ~15-fold by PHA at 4 h and ~7.5-fold at 8 h. ScCD40L expression was also significantly upregulated by both PMA and PWM at M A N U S C R I P T
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24 h (~11-fold and 9-fold respectively) however polyI:C and LPS had no effect upon ScCD40L expression.
In contrast, ScBAFF expression could not be induced with PHA, PMA or polyI:C (Fig.   4) . A small but significant up-regulation (~2 to 4-fold) in the expression of ScBAFF was observed after 8 h and 24 h with PWM or after 24 h with LPS (~2-fold) correlating with data previously obtained in spiny dogfish [25] . In mammals LPS has long been known to be a potent B cell mitogen [55;56] 
Conclusions
TNFSF members play critical roles in many aspects of immune organisation and functioning. By characterising these molecules in cartilaginous fishes, the most ancient group with a canonical vertebrate adaptive immune system, we hope to better understand TNFSF evolution. In this work we characterised the TNFSF members CD40L and BAFF in the small-spotted catshark; while both molecules had the traditional TNFSF features previously described in their vertebrate orthologues both cartilaginous fish molecules carried an extension in their A-A' loop (termed the 'elbow' in BAFF) when compared to those of other vertebrates. In human CD40L and BAFF this loop forms an integral part of the receptor binding groove and so changes to this region could significantly alter its structure. However as TNFSF receptors and ligands generally co-evolve it is highly likely that cartilaginous fish CD40 will have compensatory changes in its structure to ensure interaction of the two still occurs. As three potential CD40 molecules were identified by Venkatesh and colleagues [24] during their survey of the elephant shark genome, and we have recently found a partial sequence for catshark CD40 (data not shown) there is the possibility of performing functional studies to examine CD40-CD40L binding/functioning in cartilaginous fishes at some point in the future.
Although BAFF has previously been cloned from two different species of cartilaginous fish, bamboo shark and spiny dogfish, notable differences were observed between the two molecules in terms of structure and tissue expression. Through the M A N U S C R I P T
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16 addition of catshark and elephant shark BAFF the combined data suggests that the bamboo shark molecule is almost certainly not BAFF, and likely represents an ancient gnathostome BAFF paralogue. Similarly, although APRIL has not yet been cloned from a cartilaginous fish (and could not be found in the elephant shark genome sequence), the bamboo shark molecule is highly unlikely to be APRIL, given the tree topology in Fig 2a. Another molecule, BALM (for BAFF-APRIL-like molecule), with similarity to both BAFF and APRIL was recently found in bony fishes [42] and comparison of the TNFSF phylogeny generated in that study combined with the analyses performed here suggests that the bamboo molecule is most plausibly the cartilaginous fish orthologue of BALM, if that of any previously identified TNFSF member. The acquisition of more TNFSF sequences from cartilaginous fishes will improve our understanding of the evolution of this multi-gene family and should help resolve such questions of orthology.
Although LPS and polyI:C are both potent immune stimulants in mammals neither had a significant impact upon the transcript levels of ScCD40L or ScBAFF in this study (Fig 4) . Alignments were generated with ClustalΩ [32] and the accession numbers of the sequences used are as above. • This is the first molecular characterisation of CD40L in a cartilaginous fish
• Both catshark CD40L and BAFF are highly expressed in shark immune tissues.
• CD40L and BAFF expression levels are altered following in vitro stimulation of catshark PBLs.
• CD40L levels correlate with those of TCRα in various catshark tissues.
• Cartilaginous fish CD40L and BAFF carry insertions that may alter their receptor binding site.
